Species compositions of populations along a transect across a narrow hybrid zone between Ranidella insignfera and R. pseudinsignjfera were determined using diagnostic enzyme loci and multivariate analysis of skeletal parameters. These were compared with subjective assessments of male mating call choruses in the same populations. The three independent characters all demonstrated a sharp transition from one species to the other over a distance of 24 km indicating some barrier to gene flow between the species beyond this narrow hybrid zone. It is suggested that the contact between the two species is a relatively old and stable one. Possible explanations for the maintenance of the 480 km parapatric boundary between the two species are examined.
INTRODUCTION
MANY pairs of closely related species or races are now known to have narrow hybrid zones between contiguous allopatric distributions (Hewitt, 1975) and it has been suggested that some of these have remained stable for very long periods (Yang and Selander, 1968; Rising, 1970; Littlejohn, Watson and Loftus-Hills, 1971; Watson, 1972; Hunt and Selander, 1973; Key, 1974) .
In attempting to understand the dynamics of these hybrid zones and the mechanisms maintaining them the amount of gene flow across the zone must be measured. There is, however, some danger in judging the extent of introgression between two taxa by the width of the hybrid zone measured by a single set of characters. On the basis of body pattern and femoral pore counts Zweifel (1962) , for example, considered that hybrids between two subspecies of the lizard Cnemidophorus tigris occupied a zone less than 5 miles in width. Using plasma protein characters Dessauer, Fox and Pough (1962) showed that introgression took place over much larger distances.
Similar results have subsequently been found in a variety of organisms using quite different characters. Gartside (1972) found that while the frequencies of six molecular transferrin types across a hybrid zone between the two frog species Litoria ewingi and L. paraewingi were consistent with artificial hybridisation data (Watson, 1972) , the seventh showed a more gradual dine. Hunt and Selander (1973) found that the extent of introgression between two subspecies of house mice across a hybrid zone varied markedly between different biochemical loci. Atchley (1974) found that morphometric divergence between non-contact populations of chromosomal races of morabine grasshoppers was much higher than between chromosomally pure populations closer to the hybrid zone.
Such differences in the degree of introgression across hybrid zones measured by different characters may be the result of selection against some characters in the heterozygous state. Rare backcross progeny remaining heterozygous at other loci would allow introgression to extend over a wider zone. Where several independent characters do demonstrate uniformity in the position and width of a hybrid zone, a more complete barrier to gene flow beyond the narrow zone is indicated. Such may be the case in the Sceloporus lizards studied by Hall and Selander (1973) in which the karyotypic hybrid zone was remarkably consistent with that measured biochemically and morphologically.
The narrow hybrid zones between the morphologically similar leptodactylid frog species Ranidella insignfera and R. pseudinsignfera in Western Australia have previously been described (Littlejohn, 1957a and 1959; Main, 1968; Bull, 1973) remain heterozygous at other independently assorting loci so that introgression may extend much further than indicated by the male mating call. It was therefore clearly necessary to measure the extent of introgression between the species using other independent characters before attempting further discussion on the possible mechanisms maintaining the zone.
Initial attempts to differentiate between R. insignfera and R. pseudinsignfera included measurement of external body ratios, body marking patterns, and aceto-orcein stained karyotypes. None of these indicated any difference between the two species (Bull, 1973) . This paper reports on the use of electrophoretic analysis of enzyme systems and multivariate statistical analysis of 13 skeletal parameters to distinguish between the species, and then uses these characters to examine a transect across the hybrid zone.
METHODS (i) Sampling localities
Calling male frogs were collected in July and August 1972 from a series of populations along a traverse across the Helena Valley hybrid zone ( fig. I ).
From the chorus the First Dip population was judged to be pure R. insignfera, the Gravel Pit population almost entirely pure R. insignfera but with a low frequency of R. pseudinsignfera and intermediates, the Gutter (Bull, 1973) . For comparison samples of frogs from pure allopatric populations of each species were included in the analyses. These were from Jacoby Street and Glen Forrest (10 km and 75 km east of the zone) for R. pseudinsignfera and from Thornlie and Welshpool-Williams Road (75 km and 45 km southwest of the zone) for R. insignfera. A further sample of R. insignfera was taken from a site near Bunbury approximately 140 km south of the Helena Valley hybrid zone and 15 km west of the closest R. pseudinsignfera population.
(ii) Electrophoresis Livers were dissected from individual pithed frogs and homogenised in chilled distilled water at 15 per cent weight/volume. Homogenates were centrifuged at 18,000 g for 5 minutes at 4°C and the supernatents retained and stored at below -20°C.
Electrophoresis was carried out using vertical 75 per cent acrylamide gel slabs and a Tris-EDTA-borate buffer system in which the gel buffer was a 1 in 4 dilution of the electrode buffer (pH 86, I = 0.02). 5 ul samples of liver homogenate mixed with an equal volume of 20 per cent weight/ volume sucrose solution containing Bromophenol blue were inserted into slots along the gel surface. Gels were run at 20 mA constant current for 2-2k hours at 4°C and stained for non-specific esterases (Est) using the method of Lawrence, Melnick and Weimer (1960) .
A mixture of samples from different populations were run on each gel along with a standard 2 ul Quokka (Setonix brac/yurus) serum sample.
Duplication of the homogenates allowed at least one liver sample from each gel to be run on the succeeding gel. It was thus possible to cross-reference migration distances of bands both through the standard Quokka bands and through the frog liver samples themselves. The genetics of the esterase banding patterns in R. insignfera and R. pseudinsignfera have been described elsewhere (Blackwell 1974 and 1977) . Migration distances for each allele at each locus were expressed as a proportion of the fastest migrating allele at the fastest migrating locus common to both species. Genotypes of animals from eight of the study populations (Wilkie-Coulston Road, Jacoby Street and WelshpoolWi1liams Road being omitted) were scored and gene frequencies for each allele at each locus calculated.
The genetic distance measure of Rogers (1972) , which summarises the gene frequency data over all loci, was used to assess overall genetic similarity or difference between pairs of populations.
(iii) Skeletal morphology
Samples of at least 20 frogs from each population except Gutter Creek were used in the analysis of skeletal morphology. These were not always the same animals as used for electrophoretic analysis. The frogs were initially preserved in 70 per cent alcohol, then cleared in 1 per cent NaOH and stained with alizarin.
The following 13 bone length parameters were measured in two of the pure species reference populations, Welshpool-Williams Road and Jacoby Street, using a micrometer eyepiece in a Wild binocular microscope: (Bull, 1973) . This parameter was therefore used as a " normalising" factor, the remaining 12 parameters being treated as ratios of body length.
Multivariate, canonical and stepwise discriminant analyses were used in comparing the two reference populations. Following this, only the four parameters known to contribute most to the between species variability were measured in the remaining eight populations. Individuals from these populations were then projected on to the canonical vector derived in the initial analysis and assigned to one or other of the two species by comparing the resulting score against scores obtained for the reference populations.
RESULTS
(1) Electrophoresis
Gene frequencies obtained for five esterase loci from the eight populations sampled appear in table 1. The loci most important in separating the two species were Est-3, which controls a multiallelic dimer present only in R. pseudinsignfera, and Est-4, which controls a multiallelic dimer present only in R. insignftra. Hybrid and introgressed individuals present in mixed populations possessed bands at both loci and in some cases were heterozygous at both loci. They could thus be distinguished from pure R.
insignjfera and pure R. pseudinsignfera individuals but not from each other. The composition of the eight populations determined by these two loci is given in table 2. The Est-1 locus is also partially diagnostic controlling a multiallelic dimer present only in R. pseudinsignfera but not in all animals. Some switching mechanism or silent alleles must be operating at this locus.
Bands were never visualised in the homologous position in R. insignfera. The Est-2 and Est-5 loci control multiallelic dimers for which both species share alleles.
The matrix of genetic distance coefficients between pairwise comparisons of the eight populations using all esterase loci appears in table 4 (17) 5 (50) 3 (15) 0 (0) 0 (0) 0 (0) 1 (10) 17 (85) 18 (100) 19 ( From the summary of skeletal measurements data presented in table 5 it can be seen that the discrimination between the species is the result of a relatively wider sacral diapophysis, and greater between eye, nasal bone to eye, and nasal bone to otic capsule distances in R. pseudinsignfera. When the four normalised skeletal measurements from inidviduals of the Welshpool-Williams Road and Jacoby Street populations are transformed by the analysis, the scores given in the first two columns of table 6 are obtained. Whilst the scores for R. pseudinsignJèra are generally higher than those for R. insignfera some overlap does occur. Although perfect discrimination is thus not possible, scoring individuals above the midpoint (4.644) between the mean scores of the two samples as R. pseudinsignfera and those below as R. insignjfera results in three misclassifications in the Jacoby Street sample and four in the Welshpool-Williams Road sample (table 6 , columns three to five). In this case, the method proved more accurate for the R. insignfira populations in which only one individual (from Bunbury) was misclassified than for the R. pseudinsignfera population irs which five individuals were misclassified. The difference between the two species in numbers misclassified is a consequence of the position of the randomly assigned cut-off point. Because of overlap in the ranges of the scores, the same number of individuals will always be misclassified. Altering the position of the point will only alter the population with most misciassifications. Over all reference populations up to 20 per cent misclassification occurred in R. insignfera and up to 25 per cent in R. pseudinsignjfera. Individuals from the five populations across the Helena Valley Traverse were also projected on to the canonical vector as ungrouped data (table 6, columns six to ten). From these scores individuals were assigned to a species and the composition of boundary populations determined (table 7) and compared to the reference populations. A rapid change from First Dip and Gravel Pit populations, where the proportions are indistinguishable from the reference R. insignfera populations (x = 024 and 0.05), to the TABLE 7 Species composition of ten populations of R. insignifera and R. pseudinsignifera including the Helena Valley Traverse as determined by morphometric analysis. X = sample site "insignifera-"pseudinsignifera- Area, had proportions which differed significantly from both the R. insignfera (x = 1283 and 15.91) and the R. pseudinsignfera reference sample (x = 890 and 6.73).
. Dxscussxo
Both Littlejohn (1957a) and Main (1968) discussed several theories for the origin of the boundary between R. insignfera and R. pseudinsignfera.
One hypothesis is that recent intervention by man has provided suitable habitat to allow contact of the two previously isolated species. Littlejohn also suggested that relatively recent climatic changes have altered conditions on the western boundary of the plateau occupied by R. pseudinsignfera allowing it to extend its range to contact R. insignjfera. These hypotheses imply that the present distribution is recent and may represent only a transitory phase before overlap of the ranges occurs.
In the present study species compositions of the boundary populations of the Helena Valley Traverse determined by electrophoretic analysis agree closely with the original compositions determined by the subjective assessment of the male mating call chorus. The electrophoretic data suggest that the First Dip population, considered to be just outside the zone on the R. insignfera edge according to male mating call, should now be included within the zone. This does not, however, affect the sharpness of the transition from R. insignftra-like populations to R. pseudinsignfera-like populations which occurs over the 24 km distance between the Gutter Creek and Wilkie Road populations. This is substantiated by the genetic distance estimates which show both First Dip and Gravel Pit populations to be as genetically distant from pure R. pseudinsignfera populations on the R. pseudinsignfera edge of the zone as the pure R. in5ignftra reference populations are.
The sharpness of the transition from R. insignfera-like to R. pseudinsignfera-like populations is also demonstrated by the morphometric data. These were less accurate in classifying the allopatric reference samples but nevertheless described the zone within the same boundaries as the other two characters. Although it cannot be stated with absolute certainty that there is no wider introgression for some other characters, the present evidence from the three independent measures suggests (1) that the genes controlling these characters form unique coadapted complexes within each species and (2) that there is a strong barrier to any flow of genes between populations of R. insignfera and R. pseudinsignfera beyond this very narrow hybrid zone. If this is true, evaluation of male mating call chorus should be sufficient to describe the hybrid zone elsewhere, thus confirming the earlier reports (Littlejohn, 1957a and 1959; Main, 1968; Bull, 1973 ) of a long parapatric boundary between the two species which follows the scarps of the Darling and Whicher Ranges in Western Australia. If the original hypotheses of Littlejohn and Main about the origin of this boundary were true, it would be unlikely that at one time the whole 480 km of the extending front of the R. pseudinsignfera populations should coincide so closely with the edge of the R. insignjfera range.
A third and more plausible suggestion made by Littlejohn (1957a) was that the contact between R. insignfera and R. pseudinsignfera is a relatively old and stable one, and that some interaction between the species, or between each species and the environment prevents either species extending its range.
In previous studies two major barriers have been suggested for the maintenance of other such parapatric distributions. One is the barrier of ecological incompatibility (demonstrated by Dixon, 1955; Fisler, 1965; Hagen, 1967; Yang and Selander, 1968) and competitive interaction (invoked by Hairston, 1949; Miller, 1964; Bovbjerg, 1970; Jaeger, 1970) and the other is the barrier of hybrid inviability when a "tension zone" (Key, 1968) develops if the two populations have a low enough premating isolation to allow mixed mating and a high enough postmating isolation to put hybrids at a selective disadvantage.
In Ranidella none of these mechanisms seems wholly applicable. In studying the ecological relationships of the two species Bull (1973) could find no positive evidence to support the idea that physiology or competitive differences were limiting the range of either species. The major substrate change across the R. insignfera/R. pseudinsignfera transect is from sand to clay-based ponds and this occurs within the R. insignfera range. Detailed geological substrate distribution across the boundary at Bullsbrook, 40 kin north of Perth (Burbridge, 1963 ), failed to demonstrate any change coinciding with the species transition. The scarps of the Darling and Whicher Ranges may themselves represent a significant barrier to the extension of R. insignfera out of the fiat coastal plain but the downhill dispersal of R.
pseudinsignfera from the scarp to the plain should present no such problems. Plant associations of the coastal sandy swamps and the eucalyptus forests on the plateau are quite different but R. pseudinsignjfera has a wide distribution covering a range of soil types and plant associations. It is therefore improbable that the one ecotonal change which inhibits further extension of its range should coincide so closely with the change preventing R. insignjfera extending its range.
Laboratory crosses (Bull, 1973 ) also fail to show any postmating inviability between the species, at least to the extent that hybrids are viable and hybrid males fertile. The only mechanism which does seem to prevent some introgression is a behavioural premating isolation. There are many cases (for example, in other amphibians: Littlejohn, 1957b; Michaud, 1962; Watson and Martin, 1968; Haertel and Storm, 1970) where two genetically compatible species do not interbreed because they have developed effective premating isolation. However, between R. insignfera and R. pseudinsignfera even this mechanism is not completely effective. Under experimental conditions (Bull, 1973) gravid females of both species prefer to go towards the male call of their own species but do not do so exclusively. Nor are there ecological, spatial or temporal premating isolating mechanisms which would be completely effective in preventing interspecific matings.
It appears, therefore, that neither ecological or genetical interactions alone are sufficient to prevent R. insignftra and R. pseudinsignfera overlapping in their distributions. Possibly a combination of the two may be important so that it is the presence of one species which is the major barrier to the expansion of the other species range. A more detailed examination of the properties of the two species required to support this hypothesis and how the interactions of R. insignfera and R. pseudinsignfera at their contact compare with the general pattern of interactions of closely related populations on coming into secondary contact will form the basis of further communications aimed at elucidating this phenomenon.
